Abstract. Genome evolution is an essential force that shapes biodiversity. Genome reduction has been demonstrated in numerous microorganisms and is interpreted as a means of decreasing material cost during DNA synthesis. However, most of the previous studies have been conducted under pure-culture or endosymbiotic conditions, which greatly restrict horizontal gene transfer between microbial species. In nature, microbes frequently interact with each other and gene exchanges are quite common within the microbiota. The evolutionary trend underlying genome size is still poorly understood. The ocean provides an ideal setting for examining the evolutionary process of microbial genomes under natural conditions. We retrieved bacterial compositional information for marine bacterioplanktonic biota from the Visualization and Analysis of Microbial Population Structures database and compared their average genome size along an ocean depth gradient. The results showed that marine bacterioplanktonic biotas tend to minimize their average genome size in the course of their evolutionary processes and that niche differentiation is probably the major force driving genome size reduction. These findings provide novel insight into the understanding of the evolutionary process underlying microbial genome size and mechanisms for maintaining microbial biodiversity in nature. Keywords: microbial genome evolution; bacterioplanktonic biota; microbial diversity; evolutionary processes Ni et al.: Novel insight into evolutionary process from average genome size in marine bacterioplanktonic biota -66 -APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(2):65-75.
Introduction
Bacteria are the most abundant and diverse organisms on Earth (Kuo et al., 2009 ). They inhabit almost every environment in the biosphere and play crucial roles in biogeochemical cycling of essential elements (Huse et (Bell et al., 2005) , and the distance-decay relationship (Green and Bohannan, 2006; Bell, 2010; Ni et al., 2014) . These observations have expanded our knowledge regarding microbial diversity and maintenance mechanisms. However, most of these studies have focused on diversity at the species level or were based on the species concept.
Although the evolutionary processes of microbial genomes have attracted attention (Andersson and Kurland, 1998 (Andersson and Kurland, 1998; Wolf and Koonin, 2013) . However, this proposed trend has come into question, since interspecies horizontal gene transfer, the primary route by which bacterial species obtain new genes, is restricted under pure culture or endosymbiotic conditions (Ochman et al., 2000) . In nature, microbes interact with each other and commonly form a microbial community (i. -3 to 4.7 × 10 -1 , which are 1900 to 459 million times the frequency for transformation and 650000 to 31 million times the frequency of transduction. These exchanges could counteract the influence of genomic fragment deletion. Although Mira et al. (2001) have proposed "a pervasive bias towards higher numbers of deletions than insertions" and that "deletional bias is a major force that shapes bacterial genomes," this has yet to be proved under natural conditions. The "deletional bias" hypothesis suggests that the average genome size (AGS) of microorganisms would decrease during their evolutionary process in nature.
The evolutionary process on Earth has been maintained in the vertical plane stretching from the deep sea to the ocean surface since ancient times (Carney, 2005 (Mira et al., 2001) , the AGS of microorganisms in microbiota would decrease during their evolutionary process in nature. Therefore, we hypothesized that the AGS of the marine bacterioplanktonic biota would decrease from deep sea to surface layers, consistent with the evolutionary processes.
To test this, we retrieved bacterial composition information of marine bacterioplanktonic biota from the Visualization and Analysis of Microbial Population Structures (VAMPS) database and compared their AGS along an ocean depth gradient. To the best of our knowledge, this is the first report of AGS analysis at the microbiota level. The findings of this study provide novel insight into the evolutionary processes underlying microbial genome size and microbial biodiversity maintenance mechanisms in nature.
Materials and Methods

Data retrieval
The bacterial composition information of 63 marine bacterioplanktonic biotas at different water depths range from 0 to 4000 m was retrieved from the VAMPS database (http://vamps.mbl.edu/portals/icomm/icomm.php/microbis/data_exports/download_bacteria _gz.php) with Project codes KCK_HOT_Bv6. The genomic data of 4891 sequenced and annotated bacterial genomes, containing 3257 species were retrieved from the Integrated Microbial Genomes (IMG) system as reference genomic data (Markowitz et al., 2012) .
Data analysis
Since the full genomes of most bacterial taxa are not available in public databases, their genome sizes and 16S rRNA gene copy number (GCN) cannot usually be deduced directly from environmental sequence data (Kembel et al., 2012; Tamames et al., 2012; Ni et al., 2013) . Hence, the average GCN and genomic size of taxa belonging to the same higher taxonomic category were calculated based on the reference genomic data according to Ni et al. (2013) and used as representative of the taxon as the method excludes the bias from the possible weighting effect due to variability in the number of fully sequenced genomes per taxa.
Because of the GCN variation in different bacterial genomes, the organismal proportion of each taxon in the bacterioplanktonic biota was adjusted using the following equation where p i is the organismal proportion of the i th taxon, N i is the number of 16S rRNA gene reads for the i th taxon, AC 16S is the average GCN value of the i th taxon, and n is the total number of taxa in the bacterioplanktonic biota.
The AGS of each bacterioplanktonic biota was calculated as follows:
where AGS j and AG i are the AGS of the j th bacterioplanktonic biota and the i th taxon in the j th bacterioplanktonic biota, respectively. The Shannon-Wiener, Simpson, and inverse Simpson indices of the bacterioplanktonic biotas, as well as the Bray-Curtis distances between biota at the same depth were calculated using the vegan 2.0-10 package (Dixon, 2003) of the R platform (R Development Core Team, 2006). All calculations and statistical tests were conducted with the R platform.
Results
Since the complete genome information of many bacteria is not available in public databases, approximated genome sizes and GCN were calculated according to previous reports (Ni et al., 2013) ; these calculated values were generally consistent with our results. Next, we calculated the AGS of each marine bacterioplanktonic biota. The AGS was significantly, positively correlated with ocean depth (R 2 = 0.694, F = 138.1, p < 2.2×10 -16 ; Fig. 1 In order to understand the mechanism underlying changes in AGS, we compared the composition of dominant species (organismal abundance >1%) in the bacterioplanktonic biota. We observed that the relative abundance of bacteria with smaller genome sizes was higher at the surface than in the deep sea (Fig. 2) , indicating that the bacterial composition with different genome size of marine bacterioplanktonic biota changes at various ocean depths, forming a marine bacterioplanktonic biota AGS gradient along the ocean depth gradient. . Hence, it is plausible that bacterioplanktonic biotas continuously differentiate to better suit specific marine niches formed during evolutionary progression. For example, a bacterial group might reduce its genomic material to better suit a specific marine niche, especially an oligotrophic marine zone (Morris et al., 2002) since genomic reduction could conserve materials and energy for biosynthesis during the process of bacterial reproduction. If this hypothesis is correct, the marine bacterioplanktonic biota alpha-diversity indices, such as the Shannon-Wiener index, the Simpson index, and the inverse Simpson index, would increase with water depth, while the beta-diversity indices (e.g., Bray-Curtis distances) between biotas at the same depth (isobaths) should decrease along the water depth gradient. Our results support this hypothesis with the exception of the Bray-Curtis distance showing a weak non-significant decreasing trend (Fig. 3) . 
Discussion
Genomic reduction could conserve materials and energy for biosynthesis during the process of bacterial reproduction. Since bacterial generation time is relatively short, this reduction is probably quite significant in terms of bacterial competition, especially in oligotrophic ocean environments. The dominance of SAR11, which has the smallest genome known for a free-living heterotrophic cell, in the ocean surface bacterioplanktonic biota, exemplifies the advantage of genome reduction (Morris et al., 2002) . Based on the linear relationship between bacterial genome size and gene counts (Mira, 2001; Giovannoni et al., 2005) , our study demonstrates that marine bacterioplanktonic biota show an evolutionary trend towards efficiently utilizing their genetic material to adapt to different marine niches. These results suggest that bacteria in current ecosystems may be subjected to powerful selection to minimize the material and energetic cost of cellular replication, concurring with the streamlining hypothesis (Giovannoni et al., 2005) . Morris et al. (2012) proposed a Black Queen hypothesis to explain how selection leads to the dependence of free-living organisms with gene loss on co-occurring microbes. However, it is unclear why bacteria possessed large genomes at the start of their evolutionary processes.
The benefits afforded by genome reduction are not without a cost. Since the majority of bacterial genomic sequences are functional protein-coding regions (Mira et al., 2001 ), AGS reduction in marine bacterioplanktonic biota could result in substantial gene loss. At the species level, gene loss might cause physiological deficiencies. For instance, the lack of catalase and additional protective mechanisms in Prochlorococcus genomes leads to high sensitivity to oxidative damage due to hydrogen peroxide (Morris et al., 2011) . However, in a bacterioplanktonic community, Prochlorococcus could eliminate oxidative damage by coexisting with heterotrophs at the mixed surface layer of the oligotrophic ocean (Morris et al., 2011) . Tripp and colleagues (Tripp et al., 2008) provided another example of this cost-benefit; SAR11 possesses the smallest genome among free-living heterotrophic bacteria and is the dominant and ubiquitous lineage in the euphotic zone. However, SAR11 is deficient in assimilatory sulphate reduction genes. Hence, SAR11 requires exogenously reduced sulphurs that originate from other bacterioplanktons for growth (Tripp et al., 2008) . Another considerable issue is trade-off of benefits between the acquisition of a function after loss and keeping it. It is reasonable to keep the function if the cost of acquiring the function far outweighs the cost of keeping it and the function is essential for bacterial surviving. However, it is hard to distinguish which function is re-acquired after loss and which one is always retained. Therefore, it cannot compare the cost between re-acquiring a function after loss and keeping it. The trade-off of benefits between the acquisition of a function after loss and keeping it need to be further studied.
A possible explanation for the lower correlation coefficient (R 2 = 0.694) between AGS and water depth is the disruption of the vertical bacterioplanktonic distribution pattern by turbulence, a driver of vertical plankton distribution at the subsurface upper ocean layer (Macías et al., 2013 (Robison, 2004) . Thus, although vertical turbulence would temporally disturb the bacterioplanktonic community composition, it could not change the distribution pattern of bacterioplanktonic biota in a vertical direction. Many factors (e.g. water temperature and bacterial density) affect the AGS of marine bacterioplanktonic biota. Water temperature could constitute a crucial factor influencing the AGS. For instance, the maximal values of SAR11 relative abundance in marine bacterioplanktonic biota occurred during the summer (Morris et al., 2002) . This increase in the relative abundance of this small genome free-living heterotrophic cell could reduce the AGS of the bacterioplanktonic biota. Therefore, water temperature could change the abundance of other bacterial species thus indirectly affecting the AGS. Density is another possible factor influencing AGS. Bacterial density decreases with water depth, especially at 0-1000 m (Morris et al., 2002) . The decrease in bacterial density probably reduces mutuality among different bacterial species, which is crucial for the survival of bacteria with small genomes (Morris et al., 2012) . Under these conditions, bacteria must maintain a genomic size sufficient to ensure they retain essential genes. The effect of these factors on AGS remains to be confirmed.
The Bray-Curtis distance values demonstrate a weak non-significant decreasing trend (Fig.  3) . Such non-significance may be due to small sampling areas; the bacterioplanktonic biota habitat at the sampling depth probably did not completely differentiate into different niches. The decreasing trend would be more obvious if the sampling sites were at a greater horizontal distance from each other. Moreover, the evolutionary mechanisms of marine bacterioplanktonic biota could be further elucidated at the level of gene composition via metagenomic sequencing.
Based on the environmental, genome, and evolutionary data, we postulate that niche differentiation is probably the major driving force for AGS reduction in marine bacterioplanktonic biota. These finding, together with future studies, could provide considerable information for protecting the bio-and genetic diversity of microbiota.
